Chen: Monitoring multispecies interactions: a case study of 16 main tree species along the Northeast China transect -1 -APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7( PO Box 1927, Normal, AL 35762, USA (phone: 256-372-4231; fax: 256-372-8404) Abstract. Viability of single species can be understood only in the context of ecological interactions with the other species and the environment. Monitoring multispecies interactions and their environment is critical for analysis of community dynamics, multispecies habitat conservation plans and for adaptive ecosystem management programs. In this study, three simple methods (scaling exponent of Taylor's power law, resource exploitation competition and interspecies mean crowding coefficients) based on abundance were applied to estimate multiple tree species interactions along the Northeast China Transect. This transect was identified as a middle-latitude transect for terrestrial ecosystem studies by Global Change and Terrestrial Ecosystem Program of IGBP. Our analyses show the differences and similarities of these three methods because each one emphasizes different aspects of multispecies interaction measurement. The combined use of these three methods can provide an easy and simple way to estimate multispecies interactions based on abundance of each tree species and their change under environmental change. The suggested approach could help identify indicator species for monitoring, improve population viability analysis, and set priorities species conservation.
Introduction
The single species approach to monitoring is considered inefficient and ineffective [2, 5, 21, 23, 24] . The main issues confronting the species-by-species plan [23] are (i) entire communities rather than single species need to be the focus of conservation efforts, because species may rely on each other; (ii) information about vulnerable communities and their constituent species may be limited due to underlying complicated processes; and (iii) species always interact with each other in complicated ways. Several competitors may affect one species; the complex food webs and environmental fluctuations at a large area have different implications for different species.
Multispecies habitat conservation plans (MHCPs) have emerged and are designed to conserve the biodiversity of a region by ensuring that a representative set of species are protected and also minimize conflicts from species-by-species approaches [2, 24] . The critical requirement of these plans is monitoring site specific multispecies interactions and the interaction with the environment, which mean competition for space and resources or impact from other species and environment. Such information can also be useful for adaptive management programs. Most studies on multispecies interactions concentrate on using sophisticated models to estimate competition coefficients between species under given conditions of environmental change [10, 18] . However, building those models is difficult because it requires sufficiently detailed information and estimation of some parameters that are hard to measure [12, 25] . Simple and practical ways to monitor the interactions of multiple species by easily obtained and less long term time series data are much more desirable for local or regional MHCPs.
Multispecies interactions directly or indirectly impact the abundance of each species. Classical theory asserts that each species is unique in its resource demand and the resulting variation in interspecific interactions that determines biodiversity and relative abundance in a community [7] . It would be useful to be able to detect multispecies interactions from abundance of each species. These interactions could be easily monitored by data series in time or space. Currently there are three simple methods to estimate multispecies interactions by abundance. The scaling exponent of Taylor's power law was used to describe interactions from other species and environments [17] . Lloyd (1967) measured interspecies mean crowding by species abundance [20] . Measurement of mean crowding represents the extent of spatial crowding. The species resource exploitation competition coefficient was used to estimate interaction coefficient in using resources [19] . Here these three methods based on abundance analysis for monitoring changes in interactions among multiple species were compared for tree species along the Northeast China Transect (NECT). NECT was one of middlelatitude transect for terrestrial ecosystem studies by Global Change and Terrestrial Ecosystem (GCTE) of IGBP [13] . Because this transect is parallel with latitude, its vegetation change is driven mainly by moisture. The annual precipitation is as high as 800 mm in the east and only 100 mm in the west along this transect. Monitoring the change in interaction among tree species under precipitation gradients would be helpful to study these species dynamics at a large region under environmental change. Therefore, the aims of this research are to (1) compare the results of these three methods; and (2) find a simple method or synthesize a new one based on easily measured indicators (such as abundance) and less long term time series data, to detect species viability, multispecies interactions and their changes under a changing environment.
Materials and methods

Study area
Our study area was approximately from longitude 125ºE to 130ºE along latitude 43.55ºN. The total length was about 400 km. The data set was selected from 100 permanent plots (each plot 30×30 m 2 ) sampled every 4 km in 1986 and 1994. The soil type in this area is dark brown soil. Every tree with a diameter at breast height larger than 2 cm was recorded. Detailed information about the study area can be found in [4, 6] .
Statistical methods
There are many studies about species interactions, however, based on simple and practical criteria, the following three methods for estimating species interactions based on abundance analysis were used in this study: (1) Scaling exponent of Taylor's power law: Taylor's power law originally described the species-specific relationship between the temporal or spatial variance of populations and their mean abundances [27, 28] . The negative interactions from the other species and environment in a community can produce a scaling exponent of Taylor's power law of less than 2, and that the scaling exponent decreases with increasing strength of interspecific competition [17] . Kendal (2002) explained Taylor's power law by an exponential dispersion model and tested it by spatial aggregation of the Colorado potato beetle [16] . In this study, the scaling exponents of the log values of mean abundance of each tree species and variance in 1986 and 1994 were estimated for the entire area and for different lengths along NECT. The results of each tree species were compared with each other and the null hypothesis of a slope of 2.0 for no interspecific interaction. Mathematically, the logistic distribution which corresponds to the logistic equation yields a scaling exponent of exactly 2. The slope may increase to 2.5 if a population is divided among heterogeneous areas with dynamically autonomous subpopulations and migration among them [1] . A reduced major axis (RMA) of regression analysis Model Type II was used to determine scaling exponents for different species in different areas. The details of statistical procedures can be found in [26] . (2) Species resource exploitation competition coefficients were estimated as the following [8, 19] .
where ih p is the fraction of individuals found in location h that are of species i ; jh p is the fraction of individuals of other species; ij α is the interaction coefficient of species i from all other species. Some workers have used the above formula or modifications thereof to measure niche overlap [11] . This formula was also used to estimate competition coefficients of ants [9] . A test of this measurement was conducted for birds in southern California and on Santa Cruz Island [29] . (3) Interspecies mean crowding was estimated by [14, 20] :
where XY m is the mean crowding on species X from species Y, and Xj x and Yj x are the abundances of species X and Y in the j th quadrat, respectively. The XY m was used to analyze the spatial association between two species [14] . The relationship between the mean crowding coefficient and the mean abundance was used to discuss a variety of biological distributions [15] . In this study, the mean crowding interaction on each species from all other species at different locations (with increase of distances) was estimated.
All three metrics can measure multispecies interactions, but their results may be different due to their different aims. Comparing the results of these metrics provides a potential method for monitoring multispecies interaction for the purpose of monitoring, conservation and forest management.
Data compilation
Abundance or the number of individuals of each tree species in each plot along NECT was recorded. Abundance of each species at different spatial locations along NECT was aggregated with the distance of every 50 km from the beginning. The fraction of individuals of species i in each location or along different lengths of NECT was calculated as the percentage of abundance of species i of the total abundance of all species. log values of mean abundance of each tree species and variance in 1986 and 1994 were calculated for the entire study area and for each 50 km along NECT. Then, RMA of regression analysis Model Type II was used to determine scaling exponents between log (mean abundance) and log (variance of abundance) for different species in different areas.
Results
The overall interaction coefficient of each species at NECT
The overall interaction of each species from all the others and environment can be estimated by the scaling exponent of mean abundance and variance on NECT in 1986 and 1994 ( Table 1 ). In 1986 the scaling exponents of F. mandshurica and L. olgensis were not significantly different from 2.0, and this means that these two species had almost no interaction with other tree species. In 1994 P. amurense, F. mandshurica had little interspecific interaction. The interaction strength of U. pumila, P. koraiensis, A. mono, L. olgensis and all others increased significantly from 1986 to 1994, respectively. For the others, the interaction did not change significantly. 
Spatial change of interspecific interaction for B. dahurica and P. koraiensis
For the sake of simplicity, here only the spatial change of multispecies interactions for B. dahurica and P. koraiensis at each 50 km was shown, respectively (Fig. 1) . B. dahurica was chosen because its overall interaction with other species over the entire study area did not change significantly, but its spatial distribution of multispecies interactions changed from 1986 to 1994. P. koraiensis is an important species for industrial timber and a keystone species in the vegetation of this area. The scaling exponent of B. dahurica was 0 at 0-200 km in 1994, there was a higher change of interspecific interaction at this area. The interaction strengths of the same species at different locations were different. For P. koraiensis the interaction strength changed at 0-50 km and 250-300 km. The sudden change of multispecies interactions may provide information of disturbances and dramatic environmental change. The spatial distribution of species interaction coefficients estimated by resource exploitation competition changed for both B. dahurica and P. koraiensis (Fig. 2) . For B. dahurica the species interaction coefficients increased at 200-250 km and 300-350 km. This is consistent with the result from scaling exponent. For P. koraiensis the interaction coefficients changed little at 0-50 km, but it increased beyond 100 km. For the spatial distribution of mean crowding coefficient of B. dahurica, the mean crowding coefficient decreased at 0-200 km and increased slightly at 300-350 km (Fig.  3) . For P. koraiensis it decreased at 50-100 km and increased at 0-50 and 150-300 km. Most of these results are consistent with the other two methods. 
B. dahurica
Discussion
There are differences and similarities between the estimates of species interaction using these three methods. The scaling exponent of Taylor's power law demonstrated that the multispecies interaction for J. mandshurica, U. pumila, P. koraiensis, A. mono and L. olgensis changed, while for most other species the interaction did not change significantly. As competitive interactions increase between species, the average scaling exponent decreases from 2 to 1 [17] . The possible explanations for the insensitivity of most species are the most abundant species often has a higher carrying capacity and/or is a superior competitor, it experiences weaker interspecific competition and has lower variability; but the variability in the rare species from other species' competition is relatively large, and this substantially increases the variance in the abundance of the rare species [17] . In this study, the relative percentages of abundance for each species in 1986 and 1994 are shown in Table 2 dahurica, but the change was not significant. The species with a higher change in the multispecies interaction estimated by Taylor's power law also had a change in the relative percentage of abundance ( Table 2) . But a species with a change in the relative abundance may not change its interaction with all other species because other species may also change their abundances during the same time period. Therefore, it is not enough to simply measure the abundance of each species over time in our current monitoring. Our results indicated that not all rare species experienced higher interaction from other species and environment. A. mono and Tilia spp., which were not rare species, also experienced a higher interaction from all others in 1986 and 1994. This result may be useful to identify the rare species that experienced high multispecies interaction or the species affecting the rare species. It has great implications for rare species preservation and management.
Using the species resource exploitation competition coefficients, it was found that all species had changed in multispecies interactions between 1986 and 1994 except B. platyphylla and L. olgensis. The interaction strength changed more for B. dahurica, P. koraiensis, J. mandshurica, P. davidiana, Picea spp. and F. rhynchophylla. Because this method is based on the species relative percentage of abundance, it assumes that species with a lower relative percentage of abundance experienced a relative higher multispecies interaction pressure. Some species which had changed the strength of multispecies interactions also changed their relative abundance, such as A. nephrolepis, J. mandshurica, but some did not. By using the interspecies mean crowding measurements, it was found that B. dahurica, J. mandshurica, P. amurense, Tilia spp., P. davidiana and U. pumila had higher degree of change in multispecies interaction coefficients. This result is similar with the result estimated by the species resource exploitation competition coefficients. Some species which had changed their multispecies interaction changed their relative abundance, such as A. nephrolepis, J. mandshurica, but some did not. Because of the climate gradients and species adaptation to these gradients, the distribution of species and their functional group is also different along NECT [4, 6] . Species preferring moisture grow in the eastern part of the study area (moist end from beginning) (e.g., P. koraiensis); in contrast, species preferring dry conditions usually appear in the western part (dry end) (e.g., Q. mongolica). Here only two species were explained in details for their spatial distribution of interactions. The spatial distribution of multispecies interaction of B. dahurica and P. koraiensis changed in different areas from 1986 to 1994. With no interspecific competition in resources exploitation for B. dahurica at 0-200 km, its scaling exponent and crowding coefficient both became 0. B. dahurica may die out more easily because of (i) its shade-intolerance at early succession stages [3] ; (ii) competition from other tree species [3] ; (iii) drought and high air temperature [6] ; and (iv) insects or pathogens [22] . At the distance of 200-250 km and 300-350 km the competition for resources increased, and the scaling exponent decreased; but its crowding coefficient decreased at 200-250 km and only increased slightly at 300-350 km. For P. koraiensis the competition coefficient in resource exploitation increased at 50-300 km, and its crowding coefficient also increased, but its scaling exponent became negative at 0-50 km and more than 2.0 at 250-300 km, respectively. By analyzing the spatial change of scaling exponent, interspecific competition coefficient and crowding coefficient at different scales, we can monitor the interspecific interaction of tree species. However, the biological meaning of scaling exponent that is less than 0 and more than 2.0 is still not straightforward. Disturbances, such as wind damage and pathogens, frequently occur in this area just like any forests, but the main factor is precipitation change [6] . At some locations land use was changed during this time period, but it did not occur in the area of these permanent plots.
Serious drought can cause some trees to die or to be easily damaged by disturbances (e.g., wind). Disturbances can change the species interaction by changing interspecies competitions and environmental conditions. These measurements reflected changes in species viability and also year-to-year variability. Sometimes year-to-year variability is very important for species viability. The way to analyze this kind of variability is to use the combination of three methods and use long term data. Therefore, the combination of three measurements can reflect the change in species viability at different areas along NECT.
The different results from each of the three methods may be primarily due to the fact that the scaling exponent of Taylor's power law considered interactions both from species and environment; whereas, the species resource exploitation competition coefficients and the interspecies mean crowding did not consider both. The species resource exploitation competition coefficient considers only competition for resources and is a measure of exploitation competition under the assumption of no inference [10] . The interspecies mean crowding indicates the extent of crowding [14] . The relative percentage of abundance is mainly considered in the species resource exploitation competition coefficient, and real abundance is considered by mean crowding methods. L. olgensis received more competition from other species using the scaling exponent of Taylor's power law, but it was considered little competition and no significant change by the species resource exploitation competition coefficients and mean crowding methods. The species resource exploitation competition coefficients and mean crowding methods both determined that P. davidina and Q. mongolica decreased interactions with others, but the method of scaling exponent of Taylor's power law did not ( Table 3) . Therefore, the three methods describe the different perspectives of species interactions, but also have relationships with each other. The increased interactions between multiple species may result in change in relative percentage of abundance or may not, but with a relative lower percentage of abundance, such as with rare species, extinction may occur in this area. By combining the results of three methods, it may be helpful to monitor species viability under the interactions with other species and environment and provide management strategies for species monitoring and conservation. The species with increased interactions by the three methods need higher priority to monitor and manage, such as U. pumila, P. koraiensis and A. mono. If species with increased interactions were determined by the scaling exponent of Taylor's power law, but were not detected by the other methods, then, the species may experience more pressure from environment. Species without increased interactions determined by one of the methods, but were detected to have increased interactions by the other two methods, may be at medium priority to manage, such as L. olgensis and B. dahurica. Species without detected interactions by any of the three methods may be at low priorities to manage. The combination of these three methods may be useful for monitoring the spatial and temporal dynamics of species under multispecies interaction if combined with environmental information, and provide some practices for conservation (e.g., control the abundance of certain species with higher interspecific interaction). But the biological meaning of a scaling exponent less than 0 and more than 2.0 is still not clear, and its relationships with resource competition and mean crowding require further study. Due to the data limitation we can not test our results here. More research remains to be done to test whether this method can be applied to other ecosystems or systems with more than one trophic level, such as animal-plant interaction.
